The stepwise development of T cells from a multipotent precursor is guided by diverse mechanisms, including interactions among lineage-specific transcription factors (TFs) and epigenetic changes, such as DNA methylation and hydroxymethylation, which play crucial roles in mammalian development and lineage commitment. To elucidate the transcriptional networks and epigenetic mechanisms underlying T-cell lineage commitment, we investigated genome-wide changes in gene expression, DNA methylation and hydroxymethylation among populations representing five successive stages of T-cell development (DN3, DN4, DP, CD4 + , and CD8 + ) by performing RNA-seq, MBD-seq and hMeDIP-seq, respectively. The most significant changes in the transcriptomes and epigenomes occurred during the DN4 to DP transition. During the DP stage, many genes involved in chromatin modification were up-regulated and exhibited dramatic changes in DNA hydroxymethylation. We also observed 436 alternative splicing events, and approximately 57% (252) of these events occurred during the DP stage. Many stage-specific, differentially methylated regions were observed near the stage-specific, differentially expressed genes. The dynamic changes in DNA methylation and hydroxymethylation were associated with the recruitment of stage-specific TFs. We elucidated interactive networks comprising TFs, chromatin modifiers, and DNA methylation and hope that this study provides a framework for the understanding of the molecular networks underlying T-cell lineage commitment.
INTRODUCTION
The lineage-specific differentiation of immature T cells into CD4 + or CD8 + mature T cells is a stepwise process with welldefined sequential developmental stages (Germain, 2002) . Early immature thymocytes, such as CD4 and CD8, lack the expression of T-cell receptors (TCR) and are thus termed double-negative (DN) cells. DN cells can be subdivided into the following four stages of differentiation: DN1 (CD44 (Godfrey et al., 1993) . Successive Tcell differentiation produces double positive (DP; CD4 + CD8 + ) αβ TCR-expressing immature cells that subsequently become positively selected and mature into cells expressing TCRs that bind self-peptide-MHC-class-I complexes (CD8 + T cells)
or self-peptide-MHC-class-II ligands (CD4 + T cells) (von Boehmer et al., 1989) . The cell and tissue identities in multicellular organisms are maintained by their particular epigenome (Bernstein et al., 2007) . DNA methylation of the fifth position of cytosine (5mC) is a key epigenetic marker that plays important roles in mammalian development, differentiation and maintenance of cellular identity (Kim and Costello, 2017; Smith and Meissner, 2013) . 5-hydroxymethylcytosine (5hmC) is an intermediate marker that is present during passive and active demethylation (Guo et al., 2011; Serandour et al., 2012) , but 5hmC has also been suggested to play an important role in gene regulation (Kim et al., 2014; Yu et al., 2012) . 5hmC is enriched in the gene bodies of highly expressed genes and at active enhancers (Ichiyama et al., 2015; Tsagaratou et al., 2014) .
Here, we investigated the genome-wide changes in DNA methylation and DNA hydroxymethylation and their influences on stage-specific gene expression during T-cell precursor development. We identified stage-specific differentially methylated regions (ssDMRs) and differentially hydroxymethylated regions (ssDhMRs) and found that many of these regions overlap with the binding sites of stage-specific TFs. We also identified many stage-specific splicing variants. Our study may provide a framework for the understanding of the complexity of T-cell development and lineage commitment.
MATERIALS AND METHODS

Mice
C57BL/6J mice (gender-and age-matched, 6-8 weeks) were purchased from Daehan Biolink (Korea). All the animal experiments were performed according to the guidelines and regulations for rodent experiments provided by the Institutional Animal Care and Use Committee (IACUC) of KAIST. The protocols used in this study were approved by the KAIST IACUC (KA2010-21).
Antibodies
The antibodies used for flow cytometry were purchased from BD Biosciences, eBioscience, and BioLegend, unless otherwise indicated. The antibodies included CD4 (RM4-5), CD8α (53-6.7), CD11b (M1/70), CD11c (HL3), CD19 (1D3), CD25 (PC61), CD44 (IM7), CD45R (B220, RA3-6B2), NK1.1 (PK136), and TCRγ/δ (GL3).
Flow cytometry
Thymus cells were isolated and dispersed into single-cell suspensions by passage through a 70-μm cell strainer (SPL, Korea). The cells were blocked with anti-CD16/32 and then stained for surface molecules. DAPI (4,6-diamidino-2-phenylindole; Roche) was used for the dead cell exclusion. The data were acquired using an Aria II flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Sorting
Single-cell suspensions of thymus cells were prepared as described above (flow cytometry) and blocked with anti-CD16/32. The whole thymus cell suspensions were enriched via the depletion of CD4 + or CD8 + cells by staining with a biotin-conjugated anti-CD4 or CD8α antibody, followed by incubating with streptavidin-microbeads (Miltenyi) and magnetic separation. The enriched cells were stained for surface molecules, and the dead cells were excluded by staining with DAPI. Sorting was performed using an Aria II system (BD Biosciences) and an 85-μm nozzle.
Sorting of murine thymus T-cell sub-populations
To isolate cells during the early stage of T-cell differentiation, cells were obtained from the thymus of C57BL/6J mice and stained with antibodies. The obtained cells were separated using the following process: 1) DAPI-integrated dead cells were excluded via FSC-A versus DAPI plots; 2) the cells were gated for singlet cells from FSC-A versus FSC-H plots; and 3) among the cells that were negative for lineage (B220-CD11b-CD11c-CD19-NK1.1-) and TCRγ/δ expression, the double-negative (DN), double-positive (DP), and singlepositive (SP) T-cell subsets were isolated based on the CD4 and CD8 expression level. The DN3 and DN4 T cells were further identified according to the CD25 and CD44 expression ( Supplementary Fig. S1B ). Throughout this process, the isolated cells demonstrated purity based on an immediate reanalysis of the collected cells at each stage ( Supplementary  Fig. S1C ).
MBD-seq
MBD-seq was performed as previously described (Kim et al., 2014) . Methylated DNA was precipitated using a MethylMiner methylated DNA enrichment kit (Invitrogen). The purified methylated DNA fragments were ligated to a pair of adaptors for sequencing using an Illumina NextSeq500 to generate 75 bp single-end reads.
hMeDIP-seq hMeDIP-seq was performed as previously described (Kim et al., 2014) . Fragmented DNA was end-repaired, A-tailed, and ligated to paired-end adapters. The pre-adapted DNA was subjected to immunoprecipitation using a hMeDIP kit (Diagenode). The immunoprecipitated DNA was amplified by 18 cycles of PCR using Illumina PCR primers and then size fractioned on a 2% agarose gel to obtain 200-300 bp fragments. The sequencing was performed using an Illumina NextSeq500 to generate 75 bp single-end reads.
RNA-seq RNA-seq was performed as previously described (Baek et al., 2016) . The RNA sequencing library was prepared using a TruSeq RNA Sample Prep Kit (Illumina, USA), and the sequencing was performed using Illumina NextSeq500 to generate 100-bp paired-end reads.
RNA-seq data analysis FastQC (FastQC v0.11. 3) (A Andrews, 2010) was used to filter the low-quality sequencing reads. Then, the reads were mapped to mouse genome build mm10 using TopHat (TopHat v2.0.11) ) with the default parameters. DESeq (DESeq v3.1) (Anders and Huber, 2010) was used to select the differentially expressed genes among the five different developmental stages (fold-change>2 and P-value < 0.05). Hierarchical clustering was performed to characterize the overall expression patterns of the differentially expressed genes (DEGs) among the five T-cell stages using R statistical language (R version 3.3.1) (Team, 2013) with the Euclidean distance and complete linkage method. The developmental lineage-specific alternative splicing was analyzed using cufflinks and MISO tools. First, the cuffdiff program was used to quantify the expression of the transcripts across all stages. Then, we compared the alternative exon usage among the stepwise developmental stages using the mixture-of-isoforms statistical model, which assigns a "percentage spliced in" (PSI) value to each exon by estimating its abundance compared to the adjacent exons (Katz et al., 2010) .
Methylome analysis (DMR, DhMR, ssDMR and ssDhMR)
The sequenced MBD-seq and hMeDIP-seq reads were mapped to the mouse reference genome (mm10) using Bowtie (Bowtie v1.1.1) (Langmead et al., 2009 ) (parameters: -m 1), indexed and sorted using SAMtools (v.0.1.19) (Li et al., 2009) . To identify the differentially methylation regions (DMRs) and differentially hydroxymethylated regions (DhMRs), we used MEDIPS (MEDIPS v1.18.0) (Lienhard et al., 2014) (parameters: extend = 200, shift = 0, window size = 200, and unique = TRUE) and various preprocessing steps (saturation estimation, sequence pattern coverage, CpG enrichment bias and GC bias normalization). The DMRs and DhMRs were selected based on the following parameters: diff.method = edgeR, prob.method = poisson, MeDIP = T, CNV = F, type = RPKM, and p-value = 0.05. HOMER (HOMER v4.7 .2) (Heinz et al., 2010) was used to annotate the stage-specific DMRs and DhMRs (ssDMR and ssDhMR). To identify the hypermethylated ssDMRs or ssDhMRs, we first generated the union of DMRs and DhMRs from the five developmental stages using the mergedPeak.pl command in HOMER. Then, we used the getDifferentialPeaks.pl script in HOMER to select hypermethylated regions with a statistical threshold of p < 0.05. All the sequence data were deposited to the Gene Expression Omnibus (GSE59117).
Enhancer region analysis
To identify the enhancer regions, we obtained the ChIP-seq data of active chromatin markers (H3K4me1, H3K4me3, H3K27ac, and Pol II) at the DP stage from the NCBI GEO database (GSE20898, GSE47995, and GSE63732). Each ChIP-seq data set was mapped to the reference genome (mm10), and the peaks were identified using HOMER. We identified the regions overlapping with the H3K4me1, H3K27ac and Pol II peaks and then filtered the H3K4me3-enriched regions because H3K4me3 peaks are enriched at promoter regions.
Motif identification
To identify the TF binding motifs at stage-specific DMR or DhMR regions, we used the findMotifsGenome.pl command in HOMER. This command identifies motifs enriched in specific regions compared with randomly selected background regions (enrichment threshold: P-value < 0.05). Then, we identified the statistically significant stage-specific TF binding motifs at each stage. To eliminate the false positive TF binding motifs, we filtered the stage-specific binding motifs of TFs that were not expressed in the RNA-seq data.
RESULTS
Global gene expression changes during T-cell development
To investigate the gene expression changes, we performed an RNA-seq analysis. Based on the read per kilobase per million mapped reads (RPKM) ≥ 1, approximately 17,500 genes were expressed among 20,861 reference transcripts (mm10). According to the pairwise comparisons of the gene expression changes between two stages along the T-cell developmental process, the most dramatic changes occurred between the DN4 and DP stages, involving 1,874 (11.4%) differentially expressed genes (DEGs; fold-change ≥ 2, P < 0.05; Fig. 1A ). Many genes altered between the DN4 and DP stages were related to epigenetic modifications, such as histone modification and chromatin remodeling, suggesting that development from DN4 to DP requires the expression of genes associated with epigenetic modification before T-cell lineage commitment.
To understand the patterns of the gene expression changes during each stage of development, we performed hierarchical clustering of 2,688 genes with a greater than twofold change in expression between any stages (FC ≥ 2, P < 0.05; Fig. 1B ). Many gene expression changes reflected stagespecific identity. For example, the DN3-specific genes included several key genes in the Notch signaling pathway, which is important for selective T/B-cell commitment. Interestingly, the DN3-specific genes were expressed exclusively during DN3 and repressed during the subsequent stages. At DN4, during which cells proliferate explosively, the genes responsible for cell proliferation and the cell cycle, such as e2f2, Id3, and mcm6, were up-regulated. Interestingly, many genes were distinctly expressed during DP, suggesting that a major transition in the gene expression pattern occurs with TCR alpha/beta selection. Furthermore, the CD4 + -specific genes included genes involved in protein recycling within the lysosome and the maturation of the MHC class II complex. The CD8 + -specific genes included many cytotoxicity-associated genes, such as Gpr114, Ctsw, Gzmk, Prf1, and Fgfbp2 (Fig.   1D ).
Subsequently, we focused on the changes in the TF expression levels. We obtained a list of 1,646 TFs from the GO term "DNA-dependent regulation of transcription" (GO:0006350) after removing genes with ambiguous annotation . Among the 1,646 TFs, 150 genes were selected (FC ≥ 2, P < 0.05; Fig. 1C ). From DN3 to DN4, the most strongly up-regulated TFs were LEF1 and Bcl11b (>10-fold increase). Pou6f1, SpiB, Ikzf3, and Ets1 exhibited increases greater than 8-fold, and moderate increases in Id3, Tcf12, and Hes1 were observed. In contrast, many TFs important for hematopoietic progenitors, including Gfi1b, Lmo2, Mef2c, Hoxa9, Sfpi1, Gata2, and interferon regulatory factors, were down-regulated from DN3 to DN4. Thus, a major regulatory shift occurred from DN4 to DP characterized by the repression of many progenitor cell (A) Overall patterns of gene expression changes across the stages of the T-cell development process. The most dramatic changes occurred from DN4 to DP (11.37%), whereas fewer gene expression changes were observed from DN3 to DN4 (2.81%). Moderate gene expression changes occurred from DP to CD4 (9.46%) and DP to CD8 (6.87%). ( (Fig. 1D) . We performed GO and pathway analyses of the lists of DEGs at each stage of T-cell development (Supplementary  Table S1 ). Two broad categories of genes were up-regulated during the DN3 to DN4 transition. First, genes involved in cell division processes, such as mitosis and cell proliferation, were up-regulated. Second, genes associated with T-cell development and activation, hematopoietic cell lineage, and the T-cell receptor signaling pathway were up-regulated. In contrast, the DN3 to DN4 progression was accompanied by the down-regulation of genes involved in Notch signaling. During the DN4 to DP transition, cell adhesion-, T-cell activation-, and T-cell aggregation-associated genes were upregulated. The cell adhesion-related genes are likely upregulated because the transition from DN4 to DP represents a preparation step for the TCR-alpha rearrangement that occurs during the DP stage. In contrast, genes involved in rRNA processing and DNA replication were remarkably down-regulated. Expectedly, during the DP to CD4 transition, the expression of genes related to the role of CD4 cells was prominent. The expression of genes related to cytokines, the innate immune response, and the cytokine-cytokine receptor interaction pathway was increased. In contrast, cell cycle-and cell division-related genes were markedly downregulated. Between the DP and CD8 stages, the expression of genes related to the role of CD8 cells, such as MHC class I and cell killing, was also increased, whereas the expression of genes related to V(D)J recombination, which are activated during the DP stage, was decreased ( Supplementary Fig. S3 ).
Alternative splicing
Alternative splicing is a regulatory mechanism of gene expression that produces two or more distinct mRNA species from a single gene. We used the MISO method to identify 435 exons differentially spliced during early T-cell development (PSI > 10% and Bayes factor > 5) (Wang et al., 2008) . Exon-skipping was the most frequent event ( Fig. 2A) , and, among the five stages, exon-skipping occurred most frequently during the DP stage. Interestingly, many alternative splicing events occurred in genes that play an important role in the development and activation of T cells. For example, the Ssbp2 gene exhibited an alternative splicing event in which exon 14 was skipped during the DN4 to DP transition (Fig. 2B) . The expression of NM_024186, which is an isoform of the Ssbp2 gene, was decreased during the DP stage, whereas the expression of the other isoform, i.e., NM_024272, was increased during the DP stage (Fig. 2C) . To understand why the alternative splicing events occurred most frequently during the DP stage, we examined the expression of genes involved in alternative splicing and the regulation of alternative splicing events. First, we examined two genes, i.e., Celf2 and Map2k7, that are known to regulate alternative splicing during T-cell signaling (Fig. 2D) . Then, we examined four genes (Clk3, Brdt, Mbnl2, and Esrp2) that are involved in alternative splicing and found that these four genes were specifically expressed during the DP stage. According to the Gene Ontology analysis, the DEGs at the DP stage are enriched with genes related to mRNA alternative splicing (Fig. 2E) . Many genes associated with T-cell development and identity were related to stage-specific alternative splicing events. Thus, the increased expression of Celf2 in DP cells could contribute to the abundant alternative splicing events occurring during the transition from DN to DP . Also, we observed changes in DNA methylation and hydroxymethylation of alternative promoters of isoforms to observe epigenetic changes of the alternative first exons discovered during T-cell development. We found that several genes important for T-cell development showed DN3 stagespecific hyper-methylation in the alternative promoters of the coding region. For example, Ogt, a gene critical for Notch mediated self-renewal and malignant transformation of β-selected T cell progenitors during thymus development (Swamy et al., 2016) , showed DN3-specific hypermethylation in the isoform of the first exon ( Supplementary Fig. S8 ). These results suggest that an alternative promoter within the coding region of some genes during T cell development is activated or inhibited by DNA methylation, resulting in the production of a protein lacking the N-terminal region.
Differentially methylated or hydroxymethylated regions during T-cell development
To understand how epigenetic changes, such as DNA methylation and hydroxymethylation, are associated with the gene expression changes during T-cell development, we first observed the expression patterns of the Dnmt and Tet family proteins, which mediate DNA methylation and hydroxymethylation (Figs. 3A and 3B) . During each stage of Tcell development, significant changes in DNA methylation and hydroxymethylation were observed over the course of the T-cell lineage, and the most significant changes occurred between DN3 and DN4 (Fig. 3C) . Most changes in DNA methylation and hydroxymethylation occurred at intragenic regions ( Supplementary Figs. S4A and 4B ). In total, 61,313 differentially methylated regions were identified from DN3 to CD4 or CD8. Among the DMRs, most methylation changes occurred during the DN3 to DN4 transition (31,054 DMRs; 50.64%). Of these DMRs, 26,678 DMRs were hypomethylated during the DN4 stage. Interestingly, the expression of Dnmt3b also gradually decreased from the DN3 stage to DN4 and DP.
We further investigated the relationships between gene expression and DNA methylation or hydroxymethylation. A negative correlation was observed between promoter methylation and gene expression during all stages. In contrast, a positive correlation was observed between gene-body hydroxymethylation and gene expression during most stages. Thus, increased promoter hydroxymethylation is likely associated with increased gene expression, while promoter hypermethylation is likely associated with decreased gene expression. The average density profile of 5hmC and 5mC around transcription start sites (TSSs) and gene-body regions clearly showed that the 5mC density is depleted from the TSSs of stage-specific DEGs, whereas 5hmC is enriched in the gene bodies of stage-specific DEGs (Figs. 4A and 4B ).
Identification of stage-specific differentially methylated regions (ssDMR) and differentially hydroxymethylated regions (ssDhMR)
We selected stage-specific differentially methylated regions (ssDMRs) and hydroxymethylated regions ( S6 ).
Stage-specific DMRs and DhMRs are predominantly located in regulatory elements
Many stage-specific, hypomethylated DMRs were located in the regulatory regions of stage-specific TFs (Fig. 5A ). For example, many DN3-specific TFs, such as Gata3, Klf4, and Id1, were hypomethylated in their promoter regions. According to the Gene Ontology analysis of the stage-specific DMR nearest genes, many genes were involved in processes, such as 'regulation of gene expression', 'T-cell receptor signaling pathway', 'T-cell selection', and/or 'T-cell differentiation' (Fig. 5B) . The sequence motif analysis of sequences from stage-specific, hypomethylated regions revealed that the enriched motifs corresponded to the dominant TFs during each stage. For example, the sequences from the DPspecific DMRs were enriched with motifs, such as Myb, Ets1, Maz, and Tcf12, all of which are DP-specific TFs (Fig. 5C ). 
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Thus, the stage-specific expression of many stage-specific TFs is regulated by promoter region methylation.
DISCUSSION
Genome-wide changes in DNA methylation and hydroxymethylation associated with T cells have been previously reported (Ko et al., 2015; Lee et al., 2001; Wilson et al., 2005; Zhao et al., 2016) . Sellars et al. demonstrated that the dynamic regulation of DNA methylation plays an important role in enhancing the differential expression of CD4 and selecting the fate of helper and cytotoxic T cells (Sellars et al., 2015; Tsagaratou et al., 2014) . Tsagaratou et al. (2014) showed that 5hmC was abundant in the gene body and cell type-specific enhancer regions during the DP, CD4, and CD8 T-cell stages, indicating that the 5hmC levels change dynamically during T-cell development and differentiation (Tsagaratou et al., 2014) . However, the abovementioned studies focused on the process of determining cell fate. In contrast, our study evaluated the relationship between the gene expression changes and 5mC, 5hmC, alternative splicing and distal regulatory elements from cell fate determination to functional fate determination and from the early differentiation stage. We observed a dynamic network of genes and TF expression that was previously reported in transcriptome analysis during the development of T-cell. During the developmental transition from DN3 to CD4 and CD8, we classified the patterns of gene expression into 24 distinct clusters (Supplementary Fig. S7 ). For example, the genes in the Notch signaling pathway were induced to regulate differentiation from precursor cells to T cells until beta-selection during the DN3 stage, and their expression was rapidly repressed following beta-selection. Then, the expression of genes mediating beta-selection, such as E2A or Id3, was increased. Many previous studies have suggested that the expression of diverse TFs is precisely controlled to regulate the transcription of genes required at different stages and that this regulation is mediated by chromatin remodeling, cis-regulatory elements, chromatin interaction, and DNA methylation (DavidFung et al., 2009; Huang et al., 2008; Naito et al., 2011; Samstein et al., 2012; Yui and Rothenberg, 2014) .
We analyzed DNA methylation and DNA hydroxymethylation to observe epigenetic changes that regulate these gene expression changes. Similar to previously reported tissues and cells, we observed reverse correlation between promoter and methylation during development and positive correlation between gene body and hydroxymethylation. But alternative splicing events were more prevalent during the DP stage than during the other stages, and genes known to mediate alternative splicing were also highly expressed during this stage. We classified hundreds of alternative splicing events occurring during the early T-cell developmental stages into six categories and observed the relationship between these genes and the DNA methylation. During T-cell development, we have identified splicing variants of various genes, such as contrastive differential expression between isoforms or specific exons, and the presence of DMR in the gene body region of these genes and stage-specific hypermethylation of alternative promoters. We also compared DNA methylation of genes with or without splicing variants during the Tcell developmental stages to examine the potential role of DNA methylation in the alternative splicing ( Supplementary  Fig. S9 ). DNA methylation in the gene body of the genes without splicing variant was changed little, but DNA methylation of gene body of the genes with splicing variants showed dynamic methylation changes. Then, these genes with splicing variants in the coding region were enriched in the GO and pathway term associated with T-cell development.
We observed changes in stage-specific methylation in many cis-regulatory elements. Many DMRs and DhMRs were stage-specific and associated with the expression of corresponding genes. A recent study analyzing the methylation patterns of 17 normal tissues showed that many tissuespecific 5mC regions are located in distal regulatory regions (Hon et al., 2013; Lister et al., 2009) . We also found that many stage-specific DMRs were located in intergenic regions rather than the promoter or gene body and that these DMRs overlapped with enhancer elements defined by H3K27ac peaks. Interestingly, these genes were enriched with GO terms related to T-cell development, such as T-cell differentiation and T-cell selection. Interestingly, a recent study reported that the stable CD4 expression in CD4 + T cells is regulated by the enhancer-dependent demethylation of the Cd4 locus, whereas CD4 silencing in CD8 + T cells is regulated by the methylation of the cis-acting silencer region of the proximal Cd4 locus (Feng and Rudensky, 2015; Komori et al., 2015; Sellars et al., 2015) . Thus, dynamic DNA methylation/demethylation processes in cis-regulatory regions (both enhancers and promoters) provide new opportunities for depicting the signaling pathways involved in the selection of the thymus lineage (Hon et al., 2014; Huang et al., 2014; Stadler et al., 2011) .
In conclusion, we systematically analyzed the changes in gene expression, DNA methylation/hydroxymethylation, and stage-specific splicing variant from the initial T-cell differentiation stage to the post-T-cell fate stage. Deletion of alternative promoters and exons by CRISPR technology will validate the functional roles of alternative promoter expression in thymocyte development, and the mechanisms mediating selective promoter activity suggested by our study. Recently, rapid developments in methods used in single-cell analyses have enabled the analysis of gene expression and epigenomic changes at the single-cell level (Kakaradov et al., 2017; Villani et al., 2017) . Considering the recent technical advances, our study is limited because it is based on an analysis of cell populations. Integrated analyses of transcriptomes and epigenomes (i.e., DNA methylation, hydroxymethylation, ATAC-seq, and Hi-C) at the single-cell level could be highly valuable for elucidating the complex molecular networks underlying T-cell lineage commitment.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
